ABSTRACT
Introduction
Ciguatera fish poisoning (CFP) is a food-borne disease that affects coastal populations and travelers in tropical and subtropical regions; see also several reviews on CFP [1] [2] [3] [4] . It is caused by the ingestion of coral reef fish that have accumulated a naturally-occurring marine toxin that is produced by dinoflagellates of the genus Gambierdiscus spp. The grazing of these dinoflagellates by herbivorous fish begins a processes of bioaccumulation and biomodification through the reef food web, as the herbivores are consumed by carnivores and ultimately by humans. Derived from gambiertoxins produced by Gambierdiscus spp., the congeners of ciguatoxin are polar, lipid-soluble, polyether compounds that are heat stable, tasteless, and odorless.
Ciguatera is a prominent problem for recreational and subsistence fishermen worldwide. Reported cases of CFP number at least 50,000 cases annually [5, 6] , but due to the high degree of misdiagnosis and underreporting, it is estimated that the actual frequency of CFP cases is closer to 500,000 per year [7, 8] . It has been variously estimated that 25% -50% of the populations of islands in the Caribbean and South Pacific have suffered from CFP [9] [10] [11] [12] . CFP incidents have been estimated to account for roughly five times the reported incidence for paralytic shellfish poisoning and neurological shellfish poisoning combined [13] , and the economic impact from CFP has been estimated to exceed that from any other form of hazardous algae bloom [14] . Ciguatoxin produces gastrointestinal, neurological, and cardiovascular symptoms that may persist in some form for weeks, months, or longer [8, [15] [16] [17] . The ciguatoxin is not affected by either cooking or freezing, and a ciguatoxic fish is not distinguishable by any visual or organolyptic signal, such as might be the case with fish tainted by bacteria. Clinical symptomologies in humans are elicited effective at extremely low (i.e. sub-ppb) ciguatoxin concentrations in fish. Analytical challenges to detection of ciguatoxin congeners have been central to the slow progress in development of routine methodologies both for research purposes and for practical applications by the public. Excellent summaries of various detection methods for ciguatera toxins are given by [1, 4] .
A practical method for fishermen to identify ciguatoxic fish prior to serving caught fish to their families and/or sale to others is considered to be essential to the prevention of CFP. Because of the importance of reef fish in the diets of many island communities, and the high economic and community value placed on recreational fishing in tropical regions [14, 18] , there has been considerable interest globally in simple kits that could reliably identify ciguateric fish. Polyclonal antibodies in an assay for detecting haptens via a luminescent probe was pursued over years [19] [20] [21] , and subjected to considerable analytical controversy [22] [23] [24] [25] [26] . Currently a ciguatera test kit, termed Cigua-Check ® , is marketed out of Hawaii. Anecdotal information from researchers and fishermen who used these kits portrayed shortcomings (i.e., false positives and false negatives) in their application. The objective of these trials was to quantitatively evaluate the practical usefulness of this prophylactic detection method for ciguatera by assessing the consistency with which multiply users of the kit would derive a similar conclusion regarding the ciguatoxic status of fish being examined.
Materials and Methods
Fish samples were collected from various locations within the Main Hawaiian Islands by local spearfishermen. 104 samples of the obligate carnivore, Cephalopholis argus, and 84 samples of the obligate herbivore, Acanthurus striatus, were examined using both the commercially available Cigua-Check ® test kit and the Na + -channel specific N2a neuroblastoma mouse bioassay.
All fish were kept frozen prior to analyses for ciguatera, and evaluated within a double-blind sampling design. Cigua-Check ® test kits were purchased from the vendor and used within the manufacturers recommended shelf life following instructions given on the box. CiguaCheck ® test kits claim a sensitivity of 0.10 ug CTX/kg fish, which approximates the estimated lower threshold for clinical symptomology in humans.
The fish were also tested in triplicate at various concentrations via a sodium channel specific N2a bioassay, generally following the protocols given by [27] [28] [29] . This bioassay potentates depolarization of cellular membranes, and is used to elucidate sodium channel disruption such as would be caused by ciguatoxin. This procedure has a limit of detection of 0.05 ug CTX/kg fish. Ten grams of each fish were lyophilized, powdered, and extracted using methylene chloride. This process entails sonication and evaporation, followed by solubilization in methanol prior to dosing into 96-well plates. The standard doseresponse curve for the N2a bioassay is shown in Figure  1 . The signal of the controls plus ouabain and veratridine was approximately 61% of the signal of the cells without ouabain and veratridine (n = 20). The relative standard deviation for the controls plus ouabain and veratridine (n = 15) averaged 14%, and the relative standard deviation for the various PCTX standards (n = 15) averaged 10.8%. Results were computed and statistically analyzed using Students t-test [30] to identify significant differences between various controls (n = 10) and fish sample means (n = 5). Table 1 presents the compiled results of four individual Cigua-Check ® readers' examination of the 188 fish samples together with the ciguatoxic status from the N2a bioassay analyses of those samples. The N2a analyses showed 70% and 57% of these carnivore and herbivore samples to be positive for ciguatera, respectively. Data show the frequencies for which the four readers were in agreement that a given sample was positive or negative (i.e., 4/4 (+) and 4/4 (−), respectively), and/or for which the three of the four readers were in agreement that a given sample was positive or negative (i.e., 3/4 (+) and 1/4 (+), respectively).
Results
Of the 73 carnivore samples that were positively ciguatoxic, the four readers were in agreement in concluding a positive ciguateric status in 5.5% of the samples; these same four readers were in unanimous agreement that these positively ciguateric samples were negative for ciguatera in 37.0% of these positive samples. Of the 31 carnivore samples that were negative for ciguatoxin, these four readers were in agreement in concluding the negative ciguateric status in 32.2% of the samples; these four readers were in unanimous agreement that these negatively ciguateric samples were positive for ciguatera in 3.2% of these negative samples. Of the 48 herbivore samples that were positively ciguatoxic, the four readers were in agreement in concluding a positive ciguateric status in 16.7% of the samples; these same four readers were in unanimous agreement that these positively ciguateric samples were negative for ciguatera in 10.4% of these positive samples. Of the 36 herbivore samples that were negative for ciguatoxin, the four readers were in agreement in concluding the negative ciguateric status in 22.2% of the samples; these four readers were in unanimous agreement that these negatively ciguateric samples were positive for ciguatera in 25.0% of these negative samples.
Overall, the four readers of the Cigua-Check ® sticks were in total agreement (i.e., 4/4 +) in their assessment of the 121 positive ciguatoxic fish samples only 11.9% of the time, and they were in unanimous agreement (i.e., 4/4 −) in their assessment of the 67 negatively ciguatoxic fish samples only 26.9% of the time. For the 121 positive ciguatoxic samples, the frequency with which the four readers of the Cigua-Check ® sticks were in unanimous but incorrect agreement of the ciguatoxic condition of the fish samples was approximately 100% greater than the correct determination. For the 67 negatively ciguatoxic samples, the four readers of the Cigua-Check ® sticks were in unanimous but incorrect agreement of the ciguatoxic condition of the fish samples at a frequency which was approximately 55% of the correct determination.
Discussion
This study examined two indices of reliability of the Cigua-Check ® test strips to provide useful information with respect to the ciguatoxic status of fish samples. These indices included the degree to which multiple readers of the same test strip would be in agreement in their conclusions from their individual evaluations of identical Cigua-Check ® sticks (i.e., operational error), and the degree to which such conclusions were consistent with the actual ciguateric status of those samples, as determined by a more robust laboratory evaluation of Na + -channel aberration provided by the N2a neuroblastoma bioassay. These results indicate that Cigua-Check ® test strips present substantial deficiencies in the provision of a simple and reliable means for the recreational fisherman to distinguish ciguatoxic fish. Although a portion of the false negative signals obtained from comparison of the test strips with the N2a bioassay might be attributable to a greater sensitivity of the latter method, the low degree of agreement among readers of the same test strips indicates that serious ambiguity is associated with assessment of the test strip results by various individuals. In addition, the positive controls provided within the Cigua-Check ® kits showed considerable variation in signal strength among kits. Moreover the recording of positive results (not shown) for test strips that were exposed to triplicate samples of orange roughly (i.e., a mesopelagic fish without a nutritional connection to reef food-webs), chicken, and two types of cheeses suggest that the development of blue coloration on the test sticks is highly non-specific. The crucial step to preventing ciguatera fish poisoning in humans remains the detection of ciguatoxin in fish. This need emphasizes the importance of a practical diagnostic tool for use by recreational and/ or subsistence fishermen. Development of a reliable field test continues to be a principal challenge for the prevention of ciguatera fish poisoning.
